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Introduction
Immunotherapy targeting the PD-1/PD-L1 inhibitory axis has produced spectacular results in the treatment of a wide variety of tumors (1) (2) (3) (4) (5) (6) (7) (8) (9) . The current paradigm dictates that CD8 + T cells are inhibited by PD-1, and it is widely accepted that checkpoint blockade unleashes T cells to attack tumor cells. However, many cancer types exhibit a high incidence of MHC loss and/or low neoantigen burden (10, 11) , which should render tumor cells refractory to recognition by CD8 + T cells. High levels of PD-L1 expression have been observed in tumors with low MHC I expression (12) (13) (14) (15) (16) (17) (18) . Interestingly, some of these cancer types are responsive to PD-1/PD-L1 blockade. An example is Hodgkin's lymphoma (12, 13) , in which genes encoding PD-L1 are amplified. Interestingly, in Hodgkin's lymphoma, PD-L1 upregulation was predictive of a poor outcome even when the tumor cells were defective in MHC I expression (19) . These findings suggest the existence of immune responses that are independent of cytotoxic T cells, inhibited by PD-1, and rescued by PD-1 blockade.
NK cells are innate lymphocytes with cytotoxic activity against cancer cells that also orchestrate the immune response by releasing cytokines and chemokines (20) . NK cells participate in the immune response against solid and hematopoietic cancers owing to their capacity to recognize molecular patterns characteristic of stressed cells (so-called missing self and induced self recognition; ref. 21) . NK cells mediate strong antileukemia activity when included in some allogeneic stem cell transplants (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) , and their presence in solid tumors is a good prognostic factor (31) (32) (33) (34) (35) (36) (37) . Unlike recognition by T cells, recognition by NK cells does not require that cancer cells express neoantigens or overexpress selfantigens, and loss of MHC expression on tumor cells increases rather than decreases their susceptibility to NK cell killing (38, 39) . Evidence that PD-1 can be expressed on human NK cells has recently emerged in several cancer indications, including Hodgkin's lymphoma (40) (41) (42) (43) (44) , but mechanistic in vivo studies examining whether and how PD-1 inhibits NK cell responses to tumors and whether PD-1/PD-L1 blockade mobilizes NK cell responses are still lacking.
Here, we investigated whether the therapeutic effect of PD-1 and PD-L1 blockade relies on the antitumor activity of NK cells. Using several cancer mouse models, we found that activated NK cells express PD-1 and that PD-1 engagement by PD-L1 + tumor cells potently suppresses NK cell-mediated immunity to tumors. Releasing PD-1-imposed inhibition through blockade of PD-1 or Checkpoint blockade immunotherapy targeting the PD-1/PD-L1 inhibitory axis has produced remarkable results in the treatment of several types of cancer. Whereas cytotoxic T cells are known to provide important antitumor effects during checkpoint blockade, certain cancers with low MHC expression are responsive to therapy, suggesting that other immune cell types may also play a role. Here, we employed several mouse models of cancer to investigate the effect of PD-1/PD-L1 blockade on NK cells, a population of cytotoxic innate lymphocytes that also mediate antitumor immunity. We discovered that PD-1 and PD-L1 blockade elicited a strong NK cell response that was indispensable for the full therapeutic effect of immunotherapy. PD-1 was expressed on NK cells within transplantable, spontaneous, and genetically induced mouse tumor models, and PD-L1 expression in cancer cells resulted in reduced NK cell responses and generation of more aggressive tumors in vivo. PD-1 expression was more abundant on NK cells with an activated and more responsive phenotype and did not mark NK cells with an exhausted phenotype. These results demonstrate the importance of the PD-1/PD-L1 axis in inhibiting NK cell responses in vivo and reveal that NK cells, in addition to T cells, mediate the effect of PD-1/PD-L1 blockade immunotherapy.
Contribution of NK cells to immunotherapy mediated by PD-1/PD-L1 blockade
scenario in which tumor cells are MHC deficient, we determined whether PD-1 was expressed by and inhibited NK cells. We injected RMA-S cells in syngeneic mice and analyzed PD-1 expression by flow cytometry. PD-1 was strongly upregulated on 30%-40% of NK cells infiltrating RMA-S tumors, but not in splenic NK cells ( Figure 2 , A and B). PD-1 expression on intratumoral NK cells was evident at the earliest time point that allowed dissection and analysis of the cells (day 7, when tumors were small, <25 mm 3 ). NK cells in the local lymph nodes (LNs) draining the tumor, and in some cases, distant LNs, showed slight PD-1 expression at early time points and higher expression later ( Figure 2A and not shown). Similar results were obtained when we analyzed NK cells infiltrating tumors derived from the RMA tumor line, which is an MHC I + version of RMA-S cells ( Figure 2C ). Hence, PD-1 expression by NK cells within tumors is not limited to MHC-deficient tumors.
Next, we employed another well-established tumor model based on s.c. injection of the colon carcinoma cell line CT26 in syngeneic BALB/cJ mice. Up to 60% of NK cells infiltrating CT26 tumors expressed PD-1, whereas only modest PD-1 expression was observed on NK cells from the draining LNs and no PD-1 expression was detected on splenic NK cells ( Figure 2 , A-C). PD-1 upregulation on NK cells was observed in numerous other tumor models, including several ectopic s.c. models and 3 spontaneous models ( Figure 2C ). Interestingly, we found that PD-1 was expressed with a high degree of heterogeneity among tumor-bearing mice in both NK and CD8 + T cells ( Figure 2C ). To study the functional effects of PD-1 engagement on NK cells, we initially used an in vitro approach. Compared with untransduced tumor cells, tumor cells transduced with PD-L1 were less effective in inducing degranulation and IFN-γ production by PD-1 + NK cells in vitro, consistent with inhibition of NK activation by PD-L1 (Figure 2 , D and E). The prototypical NK-sensitive human target cell line K562 lacks PD-L1 and PD-L2, and the human NK cell line NK92 lacks PD-1. Cytolysis of K562 cells by NK92 cells and K562-induced degranulation of NK92 cells were significantly reduced when K562 and NK92 were transduced with PD-L1 and PD-1, respectively (Figure 2 , F and G). Responses were minimally or not affected with empty vector-transduced NK92 cells or when NK92-Pdcd1 (Pdcd1 encodes PD-1) cells were stimulated with untransduced K562 cells, demonstrating that inhibition required both receptor expression by NK cells and ligand expression by target cells. In conclusion, PD-1 is specifically upregulated by a population of NK cells in the tumor microenvironment, and it suppresses NK cell degranulation and cytotoxic functions in vitro.
PD-1 inhibits both NK-and T cell-mediated antitumor immunity. We investigated whether PD-1 suppresses NK antitumor activity in vivo. In mice implanted with 10 6 tumor cells, RMA-S-Pdl1 cells were much more aggressive than RMA-S cells (untransduced or transduced with an empty vector) ( Figure 3A ). RMA-S-Pdl1 caused fatality in approximately 90% of recipients, whereas only approximately 45% of mice injected with RMA-S cells developed fatal tumors ( Figure 3B ). NK depletion before tumor cell implantation ( Figure 3 , B and C) or genetic depletion of NK cells in Rag2 Figure 3D ) resulted in similar growth of RMA-S and RMA-S-Pdl1 tumors and similar rapid mortality, whereas depletion of CD4 + and CD8 + T cells had no effect (Figure 1, A and D) . These data verify the expectation that NK cells, PD-L1 activated an NK response that was indispensable for the full effect of PD-1/PD-L1 blockade.
Results

NK cells participate in the therapeutic effect of PD-1/PD-L1 blockade.
To study the effect of PD-1 blockade in a model in which T cells do not participate in the immune response against cancer, we took advantage of a lymphoma model based on injection of RMA-S cells, which exhibit low expression of MHC I. Tumor surveillance of RMA-S cells is strongly dependent on NK cells, but not T cells (45) , as confirmed by experiments in which depletion of NK cells, but not T cells, resulted in accelerated tumor growth ( Figure 1A) . RMA-S cells express low levels of the PD-1 ligands PD-L1 and PD-L2, even after IFN-γ treatment in vitro ( Figure 1B ). Even when RMA-S cells become established tumors in syngenic mice and these tumors are evaluated as ex vivo tumor dissociates, expression of PD-L1 by RMA-S cells was much lower than observed on myeloid cells in the spleen or on other tumor cells, such as the prostate adenocarcinoma line TRAMP-C2 ( Figure 1C ). We transduced RMA-S cells with Pdl1 and selected by flow cytometry cells with surface PD-L1 at levels comparable to those observed on myeloid cells in the spleen or infiltrating the tumor or to those naturally expressed by a PD-L1 + tumor cell line in vivo (TRAMP-C2 cells, Figure 1 , B and C). Immunosurveillance of RMA-S-Pdl1 tumors was not mediated by T cells, but NK depletion accelerated the growth of tumor cells in vivo, showing that NK cells, but not T cells, mediate an immune response to this cell line even when PD-L1 is expressed ( Figure 1D ). Therefore, this represents a valuable model for studying the effect of PD-1 blockade in a system in which a CD8 + T cell response to cancer cells is incapacitated by low MHC expression, but an NK cell response is still evident.
To investigate whether PD-1/PD-L1 blockade elicits an effective response for tumors that are insensitive to CD8 + T cells, we injected RMA-S-Pdl1 cells into C57BL/6J mice and, after 2 days, treated the mice with a PD-1-blocking antibody (clone RMP1-14) (46) . Mice treated just once exhibited a markedly diminished rate of tumor progression ( Figure 1E ). However, when mice were depleted of NK cells before tumor injection, the antibody treatment was completely ineffective ( Figure 1E Figure 3 , B and C) suggests that, while PD-L1 expression by RMA-S cells strongly inhibited NK cells, some residual NKmediated rejection still occurred. RMA cells, unlike RMA-S cells, are resistant to NK cells and also fail to provoke T cell-mediated responses when inoculated in naive mice (45, 47) . Not surprisingly, RMA tumors grew rapidly in C57BL/6J mice whether or not the tumor cells expressed PD-L1 ( Figure 3E ), demonstrating that PD-L1 protein expression by the tumor cells does not promote in vivo growth of tumors that are refractory to NK-mediated (and T cell-mediated) control.
Like RMA-S, the melanoma cell line B16-BL6 (hereafter abbreviated B16) is poorly immunogenic for T cells, but is sensitive to NK cells (48) . We generated PD-L1 transductants of B16 (hereafter abbreviated B16-Pdl1). NK cells infiltrating subcutaneous B16 tumors expressed PD-1 in only half of tumor-bearing animals and at a low frequency ( Figure 2C Figure 5A ). When injected in BALB/cJ mice, CT26 cells generated solid tumors in all recipients 5 to 7 days after injection, whereas growth of PD-L1-KO CT26 cells was dramatically delayed, indicating that naturally expressed PD-L1 strongly inhibited the antitumor response ( Figure 5B ). In this cancer model, PD-1 was upregulated on a large fraction of both NK and T cells infiltrating the tumors ( Figure 2C ). To determine which immune cells were susceptible to PD-1-mediated inhibition, groups of mice were depleted of NK cells, CD8 + T cells, or both before being challenged with tumor cells. Notably, NK or CD8 depletion resulted in substantial and similar increases in the growth rates of CT26-Pdl1 -/-tumors, showing that PD-1 comparably inhibited NK and CD8 + T cells ( Figure 5B ). Furthermore, depletion of both NK and CD8 + T cells resulted in even faster tumor growth, comparable to the growth of WT CT26 cells, showing that NK cells and CD8
+ T cells were the major tumor-rejecting populations, that they acted at least partly independently, and that they were ease with untransduced tumor cells to match the pace of disease with PD-L1-transduced tumor cells ( Figure 4 , C-F). In contrast, CD8 depletion did not accelerate mortality in mice injected with B16 or B16-Pdl1 tumor cells (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/ JCI99317DS1). These data confirmed that B16 cells are controlled by NK cells and not CD8 + T cells (i.e., in the absence of immunotherapy) and indicated that higher PD-L1 expressed by these tumor cells inhibits the NK cell response. Post mortem analysis confirmed the higher degree of tumor burden conferred by PD-L1 expression. Twenty-one days after injecting the lower dose of tumor cells, only half of the mice that received B16 cells had macroscopically visible tumor colonies in the lungs, whereas 12 out of 13 mice injected with B16-Pdl1 cells had easily observable lung tumors ( Figure 4G ). Quantitative RT-PCR (qRT-PCR) analysis of lung-tissue RNA for transcripts encoding a melanocyte-specific protein (Gp100; ref. 49) confirmed the increased burden of B16-Pdl1 tumors as compared with B16 cells ( Figure 4H ). We also attempted to address whether PD-1 blockade provided a therapeutic effect in the B16 experimental metastasis model, but were stymied in the effort by the failure of the PD-1-blocking antibody to efficiently penetrate the lung tumor microenvironment, as indicated by the absence of antibody bound to PD-1 + cells in dissociated tumors after treatment. Collectively, these findings indicated that PD-L1 expression inhibits NK-mediated control of B16 lung colonization.
We investigated whether PD-1-mediated inhibition of NK cell responses was physiologically relevant when T cells participated 
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-/-mice, and tumor growth was assessed. Tumor volumes (mean ± SEM) are shown. Experiment shown is representative of 3 independent experiments, n = 4/group. (E) 10 6 RMA or RMA-Pdl1 tumor cells were injected s.c. into C57BL/6J mice, and tumor growth was monitored. Tumor volumes (mean ± SEM) are shown. Experiment shown is representative of 2 performed. n = 5 for RMA group and n = 6 for RMA-Pdl1 group. jci.org Volume 128
Number 10 October 2018 both inhibited by PD-L1 ( Figure 5B ). In contrast, with CT26 cells, depletion of NK and/or CD8 + T cells had only a marginal effect on tumor growth ( Figure 5C ), providing additional evidence that PD-L1 expressed by CT26 strongly inhibits both NK-and CD8-mediated antitumor immunity.
As a control to show that the rejection of CT26-Pdl1 -/-cells was not due to off-target effects incurred in preparing the mutants or to the impact of the vector in the cells, we generated CT26-Pdl1
-/-cells restored with PD-L1. PD-L1-transduced CT26-Pdl1
-/-cells expressed PD-L1 similarly to WT cells treated with IFN-γ ( Figure  5A ) and grew as aggressively in vivo as WT CT26 cells, whereas empty vector-transduced CT26-Pdl1
-/-cells were strongly rejected ( Figure 5D ). Together, these data provide compelling evidence that the rejection of CT26-Pdl1 -/-cells was due to the PD-L1 deficiency and not to other alterations in the cells.
As PD-1 restoration inhibited NK cells in the CT26-Pdl1 To further corroborate these results, we employed a competitive in vivo killing assay. We injected a 1:1 mixture of PD-L1-overexpressing and PD-L1-deficient CT26 cells in mice that were depleted or not of NK cells. As shown in Figure 6D PD-1 is more abundantly expressed in activated NK cells with higher functional activity. NK cells are both phenotypically and functionally heterogeneous (20) . In the analyzed tumor models, PD-1 was expressed by a discrete fraction of cells rather than by the entire population. We addressed whether the NK cells that upregulated PD-1 correspond to a phenotypically defined subset. For the 4 maturation stages defined by CD27 and CD11b expression (51), PD-1 was expressed on NK cells within all 4 stages, with somewhat higher expression on R2 cells (CD11b   +   CD27 + NK cells), one of the stages of maturation in which NK cells are more responsive ( Figure 8A ).
Another element of heterogeneity among NK cells is provided by stochastic expression of MHC-specific inhibitory receptors (20) . In B6 mice, Ly49C, Ly49I, and NKG2A recognize self-MHC I, whereas Ly49A and Ly49G2 do not (38) . NK cells that expressed -/-cells transduced with an empty vector or a PD-L1 expression vector or CT26 WT cells transduced with an empty vector were injected s.c. in BALB/cJ mice, and tumor progression was assessed. Experiment depicted is representative of 3 performed. n = 3-4 mice/group. *P < 0.05; ***P < 0.001, 2-way ANOVA. jci.org Volume 128 Number 10 October 2018 respectively) induced only marginal increases in the percentages of PD-1-expressing NK cells (Supplemental Figure 3) . The lack of a strong association between tumor cell stimulation of NK cells and PD-1 expression suggests that PD-1 upregulation may be induced more potently by other types of signals, such as local exposure to generic activating or coactivating ligands or cytokines. The clear correlation between cellular activation markers and PD-1 expression prompted us to investigate whether PD-1 + NK cells corresponded to the more functionally active NK cells. To answer this question, we took advantage of an ex vivo approach, often used to assay NK cell responsiveness (47, (52) (53) (54) . We injected RMA-S or RMA-S-Pdl1 tumor cells in syngeneic C57BL/6J mice and, after tumor formation, restimulated tumor-infiltrating NK cells ex vivo with plate-bound antibodies that crosslink NK cellactivating receptors NKp46 or NKR-P1C or isotype control antibodies. Degranulation (CD107a on the cell surface) and intracellular accumulation of IFN-γ were assessed. Interestingly, PD-1 + NK cells had substantially higher functional activity than PD-1-negative NK cells (Figure 9) . A similar result was obtained employing NK cells infiltrating PD-L1 + or PD-L1 -CT26 tumors ( Figure  10 ). These results showed that PD-1 is selectively upregulated on the most activated and functionally responsive intratumoral NK inhibitory receptors specific for the host's MHC I molecules were marginally but significantly more likely to express PD-1. This was evident when examining NK cells that simultaneously expressed all 3 of the known self-MHC-specific receptors (Ly49C + , Ly49I + , and NKG2A + ) in B6 mice or the larger population that expressed at least 1 of the 3 ( Figure 8B ). Interestingly, NK cells expressing self-MHC-specific receptors exhibit greater functional responsiveness than other NK cells (38) .
The more robust expression of PD-1 in NK cells with a phenotype associated with higher responsiveness led us to hypothesize that cellular activation could be related to PD-1 expression. Consistent with our hypothesis, NK cells that express activation markers such as Sca-1 and CD69 consistently contained more PD-1 + NK cells than NK cells lacking these markers (Figure 8, C-E) . Induction of PD-1 on NK cells did not, however, necessarily correlate with how well the tumor cells stimulate NK cells. Indeed, PD-1 expression was similar on NK cells infiltrating RMA-S tumors (a good NK cell target) and RMA tumors (an NK-resistant, MHC Ihigh sister cell line) ( Figure 2C ). Moreover, compared with NKinsensitive RMA tumor cells, RMA cells that were rendered NK sensitive by transduction of the NK-activating ligands m157 or RAE-1ε (which bind the Ly49H-and NKG2D-activating receptors, ade is challenged by at least 2 observations: (a) human tumors often lose expression of HLA-I molecules (10, 60) , and in some of these tumors, PD-1 blockade is still effective; and (b) a strong clinical response to PD-1 blockade is observed in tumor types, such as Hodgkin's lymphomas that display extremely low mutational loads (12, 13) . Unlike T cells, NK cells can respond to MHCdeficient tumors (45) , and they are activated by ligands that are usually upregulated upon oncogenic stress (39, 61) . Based on these premises, we hypothesized that PD-1 blockade may activate an NK cell response. Tumors that are good T cell targets, such as melanoma and lung cancer cells, also express high levels of ligands for NK-activating receptors (62) (63) (64) (65) . Furthermore, NK cells often infiltrate melanoma and lung tumors. Hence, NK cells may also participate in immune-mediated rejection of these tumors, even if T cells may play a major role under these conditions.
Here, we present what we believe is the first mechanistic evidence that PD-1 blockade elicits an antitumor NK cell response cells. These findings explain why the NK response is potently suppressed by PD-1 interactions when PD-1 is only expressed by a fraction of NK cells: the PD-1 + NK cells are the ones with the greatest potential activity and are responsible for most of the response when PD-1 interactions are blocked.
In conclusion, our studies show that PD-1/PD-L1 blockade relies on NK cells in both MHC + and MHC -tumors. PD-1 inhibits NK-dependent immune surveillance and favors the escape of tumor cells from NK cell responses.
Discussion
The efficacy of PD-1 blockade has been correlated with reinvigoration of a preexisting T cell response (55) . Indeed, tumors with abundant neoantigens due to an elevated mutational load, such as melanomas and lung cancers, tend to be more responsive to PD-1 blockade than tumors with a low somatic mutation load (56) (57) (58) (59) . However, the prevalent view that T cells are the only important mediators of the antitumor response unleashed by PD-1 block- (47), antibody-dependent cell-mediated cytotoxicity (ADCC) (72) , and other mechanisms (73) for marshaling NK cell responses against cancer. Finally, given reports that NK cells express other checkpoint receptors, such as CTLA-4, LAG-3, CD96, and TIGIT (74) (75) (76) , therapies targeting those molecules may also mobilize NK responses and will be the subject of future studies.
Methods
Mice and in vivo procedures. Mice were maintained at the University of California, Berkeley, or at the University of Ottawa. C57BL/6J, BALB/cJ, and Rag2
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-/-mice were bred from mice purchased from The Jackson Laboratory, and B6-Klrk1 -/-mice have been described (77) . For all experiments, sex-matched (both males and females) and age-matched (6 to 12 weeks old) mice were employed. Antibodies for in vivo depletions or in vivo treatments were obtained from Leinco, except for anti-asialo GM-1, which was obtained from BioLegend. For s.c. and orthotopic injections, tumor cells resuspended in 100 μl RPMI without FCS were injected in the left flank or in the mammary and probably others. Other immune cell types, such as tumorassociated macrophages, may also express PD-1 and may also play a role in therapeutic responses (66) . Interestingly, PD-1 expression has been detected on human NK cells in several cancer indications (40) (41) (42) (43) . Though NK cells exhibit cytotoxicity against many tumors, they fail to eliminate many tumors in vivo and are frequently found in tumor beds in an inactive state. Based on the collective data, we believe that PD-1 engagement is at least partially responsible for the impact of PD-L1 expression by tumor cells on NK-dependent tumor rejection. However, PD-1 expressed by cells other than NK cells and CD8 + T cells may also play a role, depending on the tumor type and the nature of the immune response. The same reasoning likely applies to other checkpoint receptors, including LAG-3, TIM-3, and TIGIT, that probably play a wider role in the tumor microenvironment than inhibiting T cells.
Functional and phenotypic tests showed that the PD-1 + NK cells had the highest functional activity when stimulated ex vivo and were largely included in the subsets of NK cells that expressed activation markers (CD69 and Sca-1). These data suggest that PD-1 + NK cells are not necessarily anergic in PD-L1 + tumors, but may instead be inhibited in killing tumor cells. Studies suggest that anergy and PD-1 expression are independent processes in T cells as well (67) , and it was recently reported that activation, rather than exhaustion, drives expression of PD-1 and other checkpoint receptors on human T cells (68) . PD-1-negative NK cells may fail to kill tumor cells because they failed to become activated or have been rendered anergic. Whatever the explanation, the finding that PD-1 + NK cells are the most active provides a plausible explanation for why PD-L1 expression by tumor cells suppressed the response even though only a fraction of NK cells expressed PD-1. Furthermore, it is consistent with the impact of PD-1 and PD-L1 blockade because these more active NK cells would be expected to vigorously attack tumor cells once the inhibitory interaction is disrupted.
PD-1 expression by CD8 + T cells is also correlated with activation (68) . Unexpectedly, PD-1 expression by NK cells occurred by injecting 250 μg PD-L1 (10F.9G2) antibodies or control IgG i.p. daily from day 1 to day 10 after injecting tumor cells. In these mice, immune depletion was performed at days -2, -1, 7, and 14. In a second protocol, PD-L1 antibody was injected at days 3, 4, 5, 7, and 10. In these animals, NK depletion was performed on days 2, 9, and 16. Cell lines and cell culture. All cell lines were cultured at 37°C in a humidified atmosphere containing 5% CO 2 with media containing 100 U/ml penicillin, 100 μg/ml streptomycin, 0.2 mg/ml glutamine, 10 g/ml gentamycin sulfate, 20 mM HEPES, and 5% FCS (10% FCS in the case of CT26 cells). RMA, RMA-Pdl1, RMA-S, RMA-S-Pdl1, RMAm157, RMA-RAE-1ε, C1498, CT26, CT26-Pdl1 -/-, K562, K562-Pdl1, A20, YAC-1, YAC-1-Pdl1, 4T1, and 4T1-Pdl1
-/-were cultured in RPMI, whereas B16, B16-Pdl1, and TRAMP-C2 were cultured in DMEM. NK92 and NK92-Pdcd1 were cultured in MEM-α with 10% FCS, 10% horse serum, 100 U/ml recombinant human IL-2, 100 U/ml penicillin, 100 μg/ml streptomycin, 0.2 mg/ml glutamine, 10 μg/ml gentamycin sulfate, and 20 mM HEPES. Cell line identity was confirmed by flow cytometry or PCR, and cells tested negative for mycoplasma. Flow cytometry. In mice injected with tumor cells s.c. or in the sarcoma model, draining LNs (inguinal), nondraining LNs (brachial LN), and spleens were gently dissociated through a 40 μm filter, and the resulting single-cell suspensions were employed for experiments. The tumors were excised after separating the skin, cut in pieces, and dissociated using a gentleMACS Dissociator (Miltenyi Biotec). In mice injected with tumor cells i.v., lungs were perfused and then dissociated using a gentleMACS Dissociator. Cell preparations from tumors and lungs were loaded on a mouse-lympholyte gradient (Cedarlane) and then stained. TRAMP-and Eu-Myc-derived tumors were dissociated with collagenase, and cells were stored frozen at -80° C. Before staining, cells were thawed and loaded on a mouse-lympholyte gradient.
Dead cells were excluded by staining with the Live-Dead Fixable Stain Kit (Molecular Probes) for 30 minutes. Cells were then incubated for 20 minutes with 2.4G2 hybridoma supernatant to block FcγRII/ III receptors and for a further 20 minutes with primary specific antibodies before washing. When necessary, an additional incubation with fluorochrome-conjugated streptavidin (BioLegend) was perfat pad. Tumor growth was monitored by caliper measurements. For the experimental metastasis model, tumor cells resuspended in 200 μl RPMI without FCS were injected in the tail vein. KP sarcomas were induced by intramuscular hind leg injection of 25,000 PFU of a lentivirus expressing Cre recombinase in a volume of 50 μl. Cre-expressing lentivirus was produced in 293T cells by simultaneous transfection of a transfer vector encoding Cre (a gift from Tyler Jacks, Massachusetts Institute of Technology, Boston, Massachusetts, USA) along with the plasmids psPAX2 and pCMV-VSV-G. Cell-culture supernatant containing Lenti-Cre was passed through a 0.45 μM filter, centrifuged at 30,000 g per 90 minutes, and resuspended in a 1:1 mixture of HBSS and OptiMem. Viral preparations were titered using the GreenGO reporter cell line (a gift from Tyler Jacks).
To deplete CD8 + T cells, mice were injected i.p. with 250 μg monoclonal antibodies H35-17.2 (specific for CD8β) or 2.43 (specific for CD8α) on days -2 and -1 relative to tumor injection. CD4 + T cells were depleted by i.p. injection of 500 μg GK1.5 monoclonal antibodies (specific for CD4) on days -3 and -1. To deplete NK cells in C57BL/6 mice, 250 μg PK136 (specific for NKR-P1C) was injected i.p. on days -1 and -2. In BALB/cJ mice, 10 μl anti-asialo GM1 was injected i.p. on days -2 and -1. For experiments using RMA-S or RMA-S-Pdl1 cells, checkpoint blockade was performed by injecting 250 μg PD-1 (RMP1-14) or PD-L1 (10F.9G2) antibodies or control IgG i.p. In one protocol, the antibody was delivered 2 days after tumor cell injection. In a second protocol, the antibody was injected when the tumor volume reached 25 mm NK92-Pdcd1 and NK92 cells transduced with empty vector were CFSE labeled and used as effectors in a degranulation assay. 20,000 Effector cells were stimulated with K562 or K562/Pdl1 cells at different T/E ratios for 5 hours with 1 μg GolgiStop and anti-CD107a.
In other experiments, wells of flat-bottomed high-protein-binding plates were coated with 0.5 μg control isotype or NKp46 antibody or 5 μg NKR-P1C antibody. Approximately 10 6 tumor-infiltrating cells were stimulated in the presence of 100 U of recombinant human IL-2, antiCD107a, 1 μg GolgiPlug, and 1 μg GolgiStop. After 5 hours, cells were harvested and stained with anti-PD-1; degranulation and IFN-γ accumulation on PD-1 + vs. PD-1 -NK cells was assessed by flow cytometry.
RNA isolation, reverse transcription, and qPCR. Lungs from control mice or from mice injected with B16 tumor variants were dissociated using a gentleMACS Dissociator, and RNA was extracted using the RNeasy Mini Kit (QIAGEN). RNA preparations were treated with DNase I (DNA-Free Kit, Invitrogen) for 25 minutes at 37°C before retrotranscribing 1 μg RNA using the iScript Reverse Transcriptase System (Bio-Rad). Quantitative real-time PCR was performed on a CFX96 thermocycler (Bio-Rad) using SSO-Fast EvaGreen Supermix (Bio-Rad). B-actin mRNA and Rlt19 rRNA were used as references.
Primer sequences were as follows: Gp100, forward, AGCAC-CTGGAACCACATCTA, reverse, CCAGAGGGCGTTTGTGTAGT; B-actin, forward, AGAGGGAAATCGTGCGTGAC, reverse, CAA-TAGTGACCTGGCCGT; and Rtl19, forward, GGCAGTACC CTTC-CTCTTCC, reverse, AGCCTGTGACTGTCCATTCC.
Statistics. Statistical analysis was performed with 2-tailed unpaired (or paired when indicated) Student's t test, Mann-Whitney U test, or 1-or 2-way ANOVA. Survival experiments were analyzed with log-rank test. P values of less than 0.05 were considered statistically significant. Different experimental groups were equally allocated among the same cage (5-6 mice/small cage, up to 12 mice in large cage). No experimenformed and the samples were subjected to flow cytometric analysis. For intracellular staining of IFN-γ and granzyme B, we used the Cytofix/Cytoperm Kit (BD), following the manufacturer's instructions. Multicolor flow cytometry was performed with an LSRFortessa (BD) or with an X20-Fortessa (BD), and data were analyzed with FlowJo software (Tree Star Inc.).
Antibodies. For flow cytometry, we used the following antibodies: anti-CD3ε (clone 145-2C11), anti-CD4 (clone GK1.5), anti-CD11b (clone M1/70), CD11c (clone N418), anti-CD19 (clone 6D5), anti-CD69 (clone H1.2F3), anti-CD137 (clone 4-1BB, clone 17B5), anti-DNAM (clone 10E5), anti-F4/80 (clone BM8), anti-Ly6C (clone HK1.4), antiLy6G (clone 1A8), anti-Ly49A (clone YE1/48.10.6), anti-NKp46 (clone 29A1.4), anti-NKR-P1C (clone PK136), anti-PD-1 (clone 29F.1A12), anti-PD-L1 (clone 10F.9G2), anti-PVR (clone TX56), anti-Sca-1 (clone D7), anti-Ter119 (clone TER-119), and rat-IgG2a isotype control (BioLegend); anti-CD25 (clone PC61.5), anti-CD27 (clone 37.51), anti-CD45.1 (clone A20), anti-CD45.2 (clone 104), anti-Ki67 (clone SolA15), anti-mouse CD107a (clone eBio1D4B), anti-human CD107a (clone eBioH4A3), anti-KLRG1 (clone 2F1), anti-Ly49G2 (clone LGL-1), anti-MHC class I H-2D b (clone 28.14. 
